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An e m p i r i c a l  e q u a t i o n  p r e v i o u s l y  used t o  f i t  S a t u r n  I dynamic t e s t  s t r u c t u r a l  
damping d a t a  i s  found t o  f i t  S a t u r n  I B  and S a t u r n  V bend ing  and t o r s i o n a l  modal 
s t r u c t u r a l  damping da ta .  I t  i s  shown t h a t  t h e  e q u a t i o n  i s  n o t  a p p l i c a b l e  t o  l o n g i -  
t u d i n a l  mode d a t a  o r  t o  any da ta  f o r  s ca l e  models o f  t h e  S a t u r n  v e h i c l e s .  
S i n c e  t h e  S a t u r n  se r ies  c o n s i s t e d  of a l a r g e  v a r i e t y  of  c o n f i g u r a t i o n s  and 
s t a g e  s i z e s ,  t h e  e q u a t i o n  i s  b e l i e v e d  t o  b e  u s a b l e  f o r  t h e  p r e d i c t i o n  o f  s t r u c t u r a l  
damping of  t h e  bending and t o r s i o n a l  modes f o r  many f u t u r e  l i q u i d  p r o p e l l e d  r o c k e t  
v e h i c l e s .  
17. K E Y  WORDS I 18. D I S T R I B U T I O N  S T A T E M E N T  t 
Damping, s t r u c t u r a l  damping, v i b r a t i o n ,  
e n e r g y  d i s s i p a t i o n ,  t o r s i o n a l  damping, 
l o n g i t u d i n a l  damping . 
U n c l a s s i f i e d - U n l i m i t e d  
STRUCTURAL DAMPING I N  SATURN VEHICLES AND SCALE MODELS 
I. INTRODUCTION 
Through t h e  y e a r s ,  t h e r e  has  been a c o n t i n u e d  need f o r  an  a n a l y t i c a l  
method o f  o b t a i n i n g  t h e  damping c h a r a c t e r i s t i c s  of l i g h t l y  damped s t r u c -  
t u r e s .  Chang (13 was a b l e  t o  derive an  e m p i r i c a l  e q u a t i o n  which s u c c e s s -  
f u l l y  d e s c r i b e d  t h e  S a t u r n  I Dynamic T e s t  V e h i c l e  ( S A D - 6 )  damping 
c h a r a c t e r i s t i c s  f o r  l a t e r a l  bend ing .  H e  d i d  t h i s  by e q u a t i n g  t h e  e n e r g y  
d i s s i p a t e d  p e r  c y c l e  as a f u n c t i o n  of t h e  maximum k i n e t i c  e n e r g y  i n  t h e  
s t r u c t u r e  o f  t h e  v e h i c l e .  
T h i s  r e p o r t  i s  a imed  a t  a p p l y i n g  t h e  method of Chang t o  d i f f e r e n t  
space v e h i c l e  c o n f i g u r a t i o n s ,  and a t t e m p t s  t o  ex tend  t h e  method t o  t h e  
l o n g i t u d i n a l  and t o r s i o n a l  v i b r a t i o n  modes. S i n c e  t h i s  r e p o r t  i n v o l v e s  
c o m p i l a t i o n  o f  p r e v i o u s l y  p u b l i s h e d  t es t  da ta ,  no d e t a i l s  of t h e  
p a r t i c u l a r  t es t  equipment,  p r o c e d u r e s ,  data  r e d u c t i o n  methods,  etc. ,  
are g i v e n .  The i n t e r e s t e d  r e a d e r  can  f i n d  t h i s  i n f o r m a t i o n  i n  t h e  
r e f e r e n c e d  material .  
11. DAMPING CHARACTERISTICS FOR LATERAL VIBRATIONS 
Chang's e q u a t i o n  i s  g i v e n  as 
DC = 0,313 T,"'" , 
where Dc r e p r e s e n t s  t h e  e n e r g y  d i s s i p a t e d  p e r  c y c l e  and To t h e  maximum 
k i n e t i c  ene rgy  o f  t h e  s t r u c t u r e .  
is based  on t h e  u n i t s  of newton-meters f o r  the energy.  (Note t h a t  t h e  
u n i t s  and c o e f f i c i e n t  of To are d i f f e r e n t  from t h o s e  used by  Chang.) 
The c o e f f i c i e n t  o f  To i n  e q u a t i o n  (1) 
Chang's r e s u l t s  of t h e  SAD-6 tes t  are shown i n  f i g u r e  1. The number 
o f  test p o i n t s  has  been  reduced  by a v e r a g i n g  t h e  data f o r  e a c h  mode g i v e n  
i n  f i g u r e  1. It is s e e n  t h a t  83 p e r c e n t  o f  t h e  t o t a l  d a t a  l i e  w i t h i n  a 
+_ 2 db band. Th i s  s p r e a d  i n  t h e  d i s s i p a t e d  e n e r g y  seems modera t e  con-  
s i d e r i n g  t h e  many p a r a m e t e r s  which e n t e r  i n t o  t h e  c a l c u l a t i o n  of To and 
DC and t h e  a s s o c i a t e d  measurement e r r o r s  of t h e s e  p a r a m e t e r s .  
p u b l i c a t i o n  o f  r e f e r e n c e  1, d a t a  f o r  a l a r g e  number o f  S a t u r n  t y p e  v e h i c l e s  
and stages have  become a v a i l a b l e .  
S i n c e  t h e  
I n  f i g u r e  2 ,  t h e  e m p i r i c a l  e q u a t i o n  (I) 
was used t o  f i t  t h e  damping d a t a  f o r  a l l  t h e  v e h i c l e  c o n f i g u r a t i o n s  
t e s t ed .  Along w i t h  t h e  l i n e  r e p r e s e n t i n g  e q u a t i o n  ( l ) ,  t h e  +_2 db l i n e s  
a r e  drawn. It i s  s e e n  t h a t  e q u a t i o n  (1) y i e l d s  a s u r p r i s i n g l y  good f i t  
o v e r  a l l  t h e  v e h i c l e  c o n f i g u r a t i o n s ,  e s p e c i a l l y  when c o n s i d e r i n g  t h a t  
t h e  ene rgy  levels r a n g e  o v e r  s e v e n  o r d e r s  o f  magn i tude ,  t h e  v e h i c l e  
masses  v a r y  from 33 ,600  t o  721,000 k g ,  and t h e  f r e q u e n c i e s  v a r y  from 
0 .5  t o  14.0 Hz. One s h o u l d  a l s o  n o t i c e  t h a t  t h e  v e h i c l e  c o n f i g u r a t i o n s  
tes ted i n c l u d e  n o t  o n l y  s i n g l e  b u t  m u l t i p l e  t a n k  s t r u c t u r e s  as w e l l .  
T h e r e f o r e ,  i t  i s  b e l i e v e d  t h a t  e q u a t i o n  (1) c a n  b e  used as a good f i r s t  
a p p r o x i m a t i o n  f o r  p r e d i c t i n g  damping c h a r a c t e r i s t i c s  o f  s imi la r  s p a c e  
v e h i c l e  c o n f i g u r a t i o n s  f o r  t h e  l a t e ra l  bend ing  modes. 
I n  s t a b i l i t y  and r e s p o n s e  a n a l y s e s ,  t h e  damping r a t i o  5 i s  t h e  most 
c o n v e n i e n t  damping c h a r a c t e r i s t i c  o f  a s t r u c t u r e .  It c a n  b e  r e a d i l y  
o b t a i n e d  from e q u a t i o n  (1) as 
DC I; = -  
4n To * 
S u b s t i t u t i n g  from e q u a t i o n  (1) i n t o  e q u a t i o n  (2 )  y i e l d s  
Assuming t h a t  e q u a t i o n  (1) i s  a v a l i d  r e p r e s e n t a t i o n  o f  t h e  damping 
c h a r a c t e r i s t i c s  of  t h e  i n v e s t i g a t e d  s t r u c t u r e s  , i t  f o l l o w s  from e q u a t i o n  
( 3 )  t h a t  t h e  damping r a t i o  5 i s  s l i g h t l y  d e c r e a s i n g  w i t h  i n c r e a s i n g  ampl i -  
t u d e s  o f  the l a t e r a l  bend ing  v i b r a t i o n ,  T h i s  i s  c e r t a i n l y  an unusua l  
r e s u l t ,  s i n c e  t h e  damping r a t i o  is u s u a l l y  c o n s i d e r e d  t o  b e  i n d e p e n d e n t  
o f  t h e  a m p l i t u d e  of  t h e  v i b r a t i o n .  It is s e e n  from e q u a t i o n  ( 3 )  t h a t  a n  
i n c r e a s e  of  the a m p l i t u d e  b y  a f a c t o r  of  two d e c r e a s e s  t h e  damping r a t i o  
I; by 32 p e r c e n t ,  
a n a l y s e s  i n  which t h e  a m p l i t u d e s  exceed t h o s e  of  t h e  dynamic t e s t  programs. 
We be l ieve ,  however,  t h a t  f u r t h e r  research i n  t h i s  area i s  n e c e s s a r y  t o  
o b t a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  damping mechanism o f  complex s t r u c t u r e s .  
Th i s  f a c t  s h o u l d  b e  t a k e n  i n t o  c o n s i d e r a t i o n  i n  r e s p o n s e  
111. DAMPING CHARACTERISTICS FOR TORSIONAL VIBRATIONS 
The damping c h a r a c t e r i s  t i c s  f o r  t o r s i o n a l  v i b r a t i o n  t es t s  a re  shown 
i n  f i g u r e  3 f o r  f o u r  S a t u r n  V c o n f i g u r a t i o n s .  It was found t h a t  the t e s t  
da ta  c a n  be b e t t e r  f i t t e d  b y  a r e l a t i o n s h i p  which is  s l i g h t l y  d i f f e r e n t  
2 
from e q u a t i o n  (I-), which was used f o r  t h e  l a t e r a l  v i b r a t i o n  d a t a .  T h i s  
r e l a t i o n s h i p  i s  g i v e n  by 
D = 0.34 TOa8'. C 0 
T h i s  e q u a t i o n  i n d i c a t e s  t h a t  t h e  ene rgy  d i s s i p a t i o n  i n  t h e  t o r s i o n a l .  mode 
i s  a l i t t l e  h i g h e r  t h a n  t h a t  o f  t h e  bend ing  mode f o r  t h e  same t e s t  a m p l i -  
t u d e s .  However, t h e  d a t a  show a g r e a t e r  s c a t t e r ,  b e c a u s e  o n l y  t 7  p e r c e n t  
o f  t h e  d a t a  ( r a t h e r  t h a n  83 p e r c e n t  f o r  t h e  l a t e r a l  v i b r a t i o n )  f a l l  
between t h e  =2 db bounds. T h i s  g r e a t e r  s c a t t e r  i s  l i k e l y  t o  b e  caused  
by t h e  h i g h  c o n c e n t r a t i o n  of p o t e n t i a l  ene rgy  i n  t h e  S e r v i c e  Module/ 
Command Module c o n n e c t i n g  s t r u c t u r e .  I n  a d d i t i o n ,  t h e  ene rgy  l e v e l s  
f o r  t h e  t o r s i o n a l  modes were g e n e r a l l y  smaller t h a n  t h o s e  f o r  t h e  
l a t e r a l  modes. The smaller ene rgy  levels tend t o  i n c r e a s e  t h e  s c a t t e r .  
U n f o r t u n a t e l y ,  o n l y  a l i m i t e d  r a n g e  o f  d a t a  i s  a v a i l a b l e .  Because o f  
t h i s  h i g h  s c a t t e r ,  i t  i s  f e l t  t h a t  t h e  d i f f e r e n c e  between e q u a t i o n  (1) 
and e q u a t i o n  ( 4 )  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  and t h a t  e q u a t i o n  (1) 
c a n  b e  used f o r  b o t h  t h e  l a t e ra l  and t o r s i o n a l  v i b r a t i o n .  
I V .  DAMPING CHARACTERISTICS FOR LONGITUDINAL VIBRATIONS 
The damping c h a r a c t e r i s t i c s  f o r  t h e  l o n g i t u d i n a l  v i b r a t i o n  t e s t s  
a re  shown i n  f i g u r e  4 f o r  two S a t u r n  V c o n f i g u r a t i o n s .  It i s  s e e n  t h a t  
t h e  s l o p e s  f o r  t h e  ene rgy  d i s s i p a t i o n  vs t h e  ene rgy  leve l  of  t h e  l o n g i -  
t u d i n a l  v i b r a t i o n  i s  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two c o n f i g u r a t i o n s  
t e s t e d .  T h e r e f o r e ,  no un ique  e q u a t i o n  f o r  p r e d i c t i n g  t h e  damping 
c h a r a c t e r i s t i c s  of  t h e  l o n g i t u d i n a l  v i b r a t i o n  of  a s t r u c t u r e  c a n  b e  
e s t a b l i s h e d .  However, f u r t h e r  r e s e a r c h  i n  t h i s  area migh t  u n v e i l  a 
m i s s i n g  p a r a m e t e r  which c o u l d  e x p l a i n  t h e  d i f f e r e n c e  i n  t h e  damping 
b e h a v i o r  o f  t h e s e  c o n f i g u r a t i o n s .  
The re  i s  one  i m p o r t a n t  d i f f e r e n c e  which s h o u l d  b e  n o t i c e d .  The 
s t r a i g h t  l i n e s  which w e r e  f i t t e d  t o  t h e  l o n g i t u d i n a l  t e s t  d a t a  have a 
s l o p e  which i s  g r e a t e r  t h a n  u n i t y .  As a consequence ,  t h e  damping r a t i o  
f o r  t h e  l o n g i t u d i n a l  v i b r a t i o n  mode i s  i n c r e a s i n g  f o r  i n c r e a s i n g  a m p l i -  
t u d e .  T h i s  r e s u l t  i s  o p p o s i t e  t o  t h e  damping b e h a v i o r  o f  t h e  s t r u c t u r e  
v i b r a t i n g  i n  i t s  l a t e ra l  o r  t o r s i o n a l  mode, where i t  was found t h a t  t h e  
damping r a t i o  was d e c r e a s i n g  w i t h  i n c r e a s i n g  a m p l i t u d e .  A t  the p r e s e n t  
t i m e ,  no c o n c l u s i v e  p h y s i c a l  e x p l a n a t i o n  c a n  b e  g i v e n  f o r  t h i s  d i f f e r e n t  
b e h a v i o r .  
3 
V. DAMPING CHARACTERISTICS FOR SCALE MODELS 
S e v e r a l  a t t e m p t s  have b e e n  made i n  r e c e n t  y e a r s  t o  p r e d i c t  t h e  damp- 
i n g  c h a r a c t e r i s t i c s  o f  a s t r u c t u r e  from d y n a m i c  t es t s  o n  s c a l e  m o d e l s .  
F i g u r e  5 is  i n c l u d e d  t o  show t h a t  t h e  Chang e q u a t i o n  c o u l d  n o t  b e  u s e d  f o r  
t h e  t e s t  d a t a  o b t a i n e d  f rom a 1 / 5  s ca l e  m o d e l  S a t u r n  I and  a 1/10 s c a l e  
m o d e l  S a t u r n  V.  T h i s  w o u l d  i n d i c a t e  t h a t  t h e  d a m p i n g  c h a r a c t e r i s t i c s  
cannot  b e  p r e d i c t e d  f rom sca le  m o d e l  t e s t s  o r  t h a t  t h e  S a t u r n  s c a l e  
m o d e l s  were d e f i c i e n t  i n  m o d e l i n g  some s t i l l  unknown p a r a m e t e r .  
V I .  CONCLUSIONS 
1. T h e  s t r u c t u r a l  damping  e q u a t i o n  e s t a b l i s h e d  b y  Chang c a n  be  
a p p l i e d  t o  t h e  b e n d i n g  a n d  t o r s i o n a l  v i b r a t i o n s  of  S a t u r n - t y p e  veh ic l e s  
a n d  s imi la r  c o n f i g u r a t i o n s  . 
2 .  T h e  Chang e q u a t i o n  o r  a n y  s imi la r  e q u a t i o n  c a n n o t  be a p p l i e d  t o  
t h e  l o n g i t u d i n a l  v i b r a t i o n s  o r  t o  t h e  s c a l e  m o d e l s  of t h e  S a t u r n - t y p e  
vehic les .  
3 .  T h e  d a m p i n g  r a t i o  ( d e p e n d s  o n  t h e  a m p l i t u d e  of  t h e  v i b r a t i o n ,  
F o r  t h e  l a t e ra l  a n d  t o r s i o n a l  m o d e s ,  i t  d e c r e a s e s  w i t h  i n c r e a s i n g  
a m p l i t u d e s .  
4 .  T h e  d a m p i n g  r a t i o  i i n c r e a s e s  w i t h  i n c r e a s i n g  a m p l i t u d e  f o r  t h e  
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